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I. INTRODUCTION
The development of nuclear power has presented count­
less problems to the scientists and engineers of today. A 
problem of extreme importance is the disposal of radioactive 
wastes. Another is the recovery of some of the useful radio­
isotopes from fission product waste solutions. This 
investigation is concerned with the recovery of some of the 
fission elements for use in radiochemical and medical research 
and in industry.
At present little effort is made to recover useful 
fission elements. The fission product v/aste solutions are 
treated to reduce the volume and are stored until the radio­
logical hazard is reauced and are then disposed of in an 
acceptable manner.
In some cases techniques have been devised but these 
are so diversified that they cannot be set up into a continuous 
process. It is evident that a more rapid and simplified 
technique for fission element separation and recovery would 
be of great value to the nuclear industry.
The purpose of this investigation was to provide 
sufficient evidence that, through the application of an 
electrodialysis process employing synthetic ion exchange 




The literature review was concentrated along three 
lines; (1) radioactive waste solutions, (2) solution 
chemistry of the more significant fission elements and 
(3) applications of ion exchange membranes to ionic transport.
Radioactive Waste Solutions
The fuel for nuclear reactors contains a fissionable
material such as U-235, U-233, or Pu-239« Enriched IT-235
is most commonly used. As the reactor is operated the amount
of fissionable material present will decrease steadily pro-(11)ducing fission elements by nuclear fission. The fission
(16)elements produced, mass numbers 72 to 161 , poison the
fissionable material by absorbing neutrons and decreasing the(11)neutron efficiency of the reactor. Thus nuclear fuels
are not allov/ed to "burn-up” completely but are replaced after
a small per cent, 10 - 30^, of the fissionable material has
( 12)been used. An irradiated nuclear fuel will thus contain
unused fissionable material and fission products.
Economics and radiological hazards predict the recovery 
of the fissionable material in an irradiated nuclear fuel 
element. The chemical processing of nuclear fuels involves 
the dissolution of the fuel element in an appropriate solution 
and the separation of the fissionable material from the fission 
products. The reagent used for the dissolution depends upon 
the fuel and cladding material. In Table I several reactor
- 3 -
TABLE I
Reactor Fuel Elements — Fuel and Cladding Materials
Fuel Cladding Materieil
Uranium Metal (natural uranium)
Uranium Metal (highly 
enriched uranium)
UO2 (sintered oxide of 
natural uranium)
Uranium Me tail Alloyed in Zirconium Metal (highly enriched uran­ium)
Uranium Metal Alloyed in Al-uminum (highly enriched uranium)










fuel elements are listed with their respective cladding
(3)materials. The reagents used for fuel element dissolu­
tion are, (1) nitric acid for aluminum, uranium metal, thoriTim 
metal, UO2 and uranium-aluminum alloys, (2) sodium hydroxide 
for aluminum and uranium-aluminum alloys, (3) hydrofluoric
acid for zirconium and uranium-zirconium alloys, and (4)
(2)sulfuric or hydrochloric acid for stainless steel. The
separation of the fissionable material and in some cases
fertile material such as Th-233, also depends upon the
materials used as fuel and cladding. Table II lists the
solvent extraction processes for the separation of fissionable
(4)and fertile materials from the fission products. These 
processes result in an aqueous waste solution, raffinate, 
which contains more than 99*9^ of the fission products.
Table III gives the characteristics of some^ typical waste
solutions from some of the above processes. The fission
products do not greatly influence the chemical properties of
the wastes because they are present in such low concentrations.
The characteristics of the more significant fission products(10)are given in Table IV. Radioactive waste solutions have
gross activities ranging from 4 microcuries per gallon to
( 10)
1,300 curies per gallon.
Many of the fission elements occurring in the waste 
solution are in demand for radiochemical and medical research. 
Several techniques have been devised to recover some of the 
usable fission elements emd the dissolving acid. Zirconium
( 6)
can be sorbed on silica gel and recovered with oxalic acid. 




and Fertile Materials ^ 
Organic Solvent Peed Salting Agent
For Separation and Decontamination of U and Pu
Redox Hexone (methvliso- Natural U, butyl ketone) A1 can
AKNO^)^
Purex 30^ TBP(tri-n-butyl Natixral U, phosphate) in hydro- A1 can carbon diluent
HNO^
TTA Che­lation 0.25 M TTA (thenoyl Natural U, trifluoroacetone) in A1 can hexone
AKNOj)^






d235_ 5^ TBP in hydro- AKNO^)^TBP carbon diluent Alloy HNO^
For Sepsiration and Decontamination of U and Th




From: Benedict, Mason, and T* H. Pigford: "Nucleao?Chemical Engineering," p. 314• McGraw-Hill Book 
Company, Inc., New York, New York, 1957*
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Characteristics of Typical Waste Solutions
TABLE III
Concentration Purex I&dox Hexone 25 TBP 25 Thore:
H ........... 0.93 -0.3 —0.2 1.33 -0.05
A 1 ...... . - 1.08 1.6 1.63 0.62
N a ....... . - 0 .2 3 - - -
^ ^ 4 .................. - - 1.4 - -
H g .......... - - 0.1 0.01 0.01
N O ^ ......... 0.93 5.05 6 .0 6.2 1.8
F ........... - — - 0.03^
O V ^ r j  ........ - 0.06 - - -
NH^SO^...... - - - 0.04 -
Fe,Ni,Cr, g/1* 1 1 1 1 1
S1O2 f g/!••••• - - 1 1 -
PO^,SO^, g/1.. - - - - 1
Specific gravity 1.03 1.16 1.25 1.25 1.10
Boiling pt. ®C 101 108 105 105 101
Freezing pt.®C -5 -18 -24 -24 -15
Specific heat 0.97 0.78 0.7 0.7 0.85
- 7 -












Sr-90- 5.5 28yr. 0.54 none
Y-90 62hr. 2.27 none
Y-91 5.4 57d. 1.54 1.19
Zr-95- 6.4 65d. 0.36^ 0.75^
Nb-95 55d. 0.16 0.76
Tc-99 6.2 21xl0^yr. 0.29 none
Ru-106- 0.5 lyr. 0.04 0.51
Rh-106 30sec. 5.55 0.51
Cs-137- 6.2 53yr. 0.52 -
Ba-137 2.6min* - 0.662
Ce-144- 5.5 285d. 0.50 0.03-0.14
Pr-144 17min. 2.98 0.70
Pm-147 2.6 2.6yr* 0.23 none
Chart of the Nuclides, General Electric, Fifth Edition, 
April, 1956*
Zirconium has a number of radiation levels.
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nitric acid solution* (13) Cesium can be recovered by precip­
itation as cesi\iQ alum, cesium tetraphenyl boron or cesium
(13)phospho-tungstate* The rare earth elements can be
extracted with tributyl phosphate and separated by ion
( 6)exchange. Technetium can be precipitated as tetraphenyl
(6)arsonium pertechnetate • Several investigators have pro­
posed the use of electrodialysis for the recovery of the
(9, 15, 17)dissolving acid*
At present radioactive waste solutions are treated to
reduce the volume and are stored until the radiological
hazard is reduced* The presence of strontium and cesium
prolong this storage and are usually removed by fixation on
(1)siliceous materials* Present disposal procedures make 
little effort to separate and recover valuable fission 
elements*
A rapid and simple technique for fission element 
separation and recovery would be of great value to the nuclear 
industry and would also aid in the disposal of radioactive 
waste solutions*
Solution Chemistry of the More Significant 
Fission Elements
The solution chemistry of the more significant fission 
elements is of primary interest as it is the basis of separa­
tion and v/ill be discussed in order of periodic group*
The aspects of solution chemistry to be discussed are 
the solubility of fission element nitrates and fluorides, 
ionic species in solution and radiocolloidal formation in
- 9 -
solution. A general definition of radiocolloids is given by
( 1 8 )
Schubert as, " radiotracers which are present in minute
( 18 )
concentrations and exhibit colloidal behavior." Schubert 
has described the conditions for radiocolloidal formation 
as, " the principle condition under which a radioelement 
present in solution is likely to become a radiocolloid is 
through the reduction of the solubility to such a point that 
if the radioelement was present in macroscopic concentration, 
precipitation would be observed. The requisite reduction in 
solubility can be effected by a variety of methods, but most 
frequently by adding a precipitating anion or cation."
Group I. Cs-137. Cesium is highly electropositive 
and forms singly charged ions, Cs'*’, in solution. Cesium shows 
negligible tendency to form complex ions or compounds. In
nitric acid and fluoride solutions cesium exists as Gs .
+2The daughter product of Cs-137 is Ba-137 and exists as Ba 
in nitric acid and fluoride solutions, but BaP2 is only 
slightly soluble, therefore, there will be some tendency for 
Ba-137 to be radiocolloidal in fluoride solution. The addi­
tion of nitric acid reduces this tendency because BaF2 is 
soluble in nitric acid solutions. The solubility is apparent 
from the equilibrium reactions:
BaF2 = Ba'^'*’ + 2J'“ (1)
HI* + F" (2)
HNO^ = + NOj” (3)
The addition of nitric acid to a fluoride solution which is 
in equilibrium with solid BaP2 > increases the hydrogen ion 
concentration which forces reaction (2) to the left reducing
- 10 -
the fluoride ion concentration which forces reaction (1) to 
the right effectively dissolving the BaP2*
Group II. Sr-90. Strontium exhibits little tendency 
to form complex ions or compounds. Strontium nitrate is 
water soluble and strontium exists as Sr’*“*’ in nitric acid 
solutions. The fluoride of strontium is only slightly 
soluble in water and Sr-90 will exhibit radiocolloidal forma­
tion in fluoride solution. The addition of nitric acid to 
such a solution reduces the radiocolloidal formation due to 
the increased hydrogen ion concentration in a similar manner 
as that described for beorium above. The daughter product of 
Sr-90 is Y-90. Yttrium nitrate is soluble but the fluoride 
of yttrium is insoluble in water and in nitric acid solution. 
Thus in fluoride solution Y-90 exists as radiocolloidal YF^o 
Group III. Y-91. Ce-144. and Pia-147. Yttrium and the 
rare earth elements form soluble nitrates but insoluble 
fluorides. In fluoride solution Y-91, Ce-144, its daughter 
product Pr-144, and Pr-147 exist as radiocolloids. These 
fluorides are insoluble in nitric acid solution. These 
elements show little tendency to hydrolyze in solution.
Group IV. Z3>-95. Zirconium is almost exclusively 
present in the tetravalent state in solution. Zirconium (IV) 
salts hydrolyze readily yielding products which are colloidal 
and polynuclear. The nitrate of zirconium is soluble at low 
pH. The fluoride complex of zircoium, ZrF^” , is very stable. 
The daughter product of Zr-95 is Nb-95 which is present in 
solution as niobium (V) and has a similar solution chemistry 
as Zr-95. The addition of nitric acid to a fluoride solution
- 11 -
of radioactive ZrP^ reduces the stability of this complex 
ion. This reduction of stability may be attributed to the 
following reactions in solution:
HP = H'*' + F“
+ P“
HNO- = + H0-“






(8 )4K'*’ + 2H'^  + aZrOHPg"-^ = aKgZrPg + 2H2O 
Blumenthal gives equations (7) and (8) for the hydrolysis 
of ZrPg and the formation of K2ZrP^. The addition of 
nitric acid to an IIH^PtHP solution of Zr-95 increases the 
hydrogen ion concentration which reduces the fluorine ion 
concentration by forcing reaction (4) to the left and 
increases the ammonium ion concentration by forcing reaction 
(5) to the right. Due to the similarity in the solution 
chemistry of K'*' and reaction (8) can be writen as
reaction (9).
4NH.'^  + 2H'^  + 2ZrOHPg“  ^= 2(NH.)2ZrPg + 2H2O (9)
The addition of nitric acid increases the hydrogen ion and 
the ammonium ion concentrations which forces reaction (9) 
to the right. Since the reverse of reaction (9) is the 
dissolution reaction for (NH^)2ZrP^ and this reaction is 
forced to the right, the Zr-95 will tend to be slightly radio­
colloidal in this solution. Radioactive niobium, Nb-95, 
should exhibit this same type radiocolloidal formation in 
this solution.
- 12 -
Group VII# Tc-99. In nitric acid solution Tc-99
exists as the pertechnetate ion TcO^“# The addition of
fluoride to a nitric acid solution of radioactive TcO^ "* 
has no effect upon the pertechnetate ion#
Prom the above discussion of the solution chemistry 
of the more significant fission elements, three species will 
exist in a nitric acid-fluoride solution, (1) cationic,
(2) anionic, and (3) radiocolloidal# Radioelements Cs-137, 
Ba-137, and Sr-90 exist as simple cations, Zr-95, Nb-95, 
and Tc-99 exist as anions and Ce-144, Pr-144, Y-90, Y-91, 
and Pm-147 exist as radiocolloids* There will be some over­
lap of Zr-95f and Nb-95 between the anionic and radiocolloidal 
species due to the presence of nitric acid in the fluoride 
solution#
Applications of Ion Exchange Membranes 
to Ionic Transport
In order to discuss the applications of ion exchange 
membranes to ionic transport, two terms must first be 
defined, (1) dialysis and (2) electrodialysis#
(19)Dialysis was first described by Thomas Graham in
1860 as the purification of colloidally dispersed particles
by the preferential diffusion of soluble impurities through
membranes# A more modem statement is given by Chamberlin 
(7)and Vromen , " mechanism of dialysis is selective liquid 
diffusion through porous membranes#"
In diffusion, the molecules of two solutions of diff­
erent chemical composition in contact intermingle gradually 
amd spontaneously. This mass transfer of all dissolved
substances, with no application of external energy, continues 
until equilibrium is attained.
The driving force of diffusion is a concentration 
gradient. The dissolved substances move from high to low 
concentration. Other conditions being equal, small and light 
molecules transfer at a faster ra.te than large, heavy molecules.
In dialysis, a porous membrane separates two solutions 
of different concentration. The pores of the membrane are 
large enough for a molecule to pass through, but small enough 
to prevent hydrodynamic flow. In some membranes the pores 
of the membrane are of such a size to offer mechanical resist­
ance to large molecules or sols.
The rate of dialysis is accelerated by the application
of an electrical current. This process is called
( 20)electrodialysis.
Dialysis and electrodialysis are then ion transport 
processes which allow the separation of soluble impurities 
from colloids or the separation of dissolved substances by 
the difference of ionic mobility* In dialysis and electro­
dialysis there is no actual exchange of ions between the 
membrane and the bulk solution.
Synthetic ion exchange membranes were developed through 
the extensive research effort to convert saline water to
potable water and through the explanation of certain
( 8 , 2 2 )bio-electric phenomena. Ion exchange membranes are
thin sheets of either cation or anion exchange resins bound 
to an inert plastic matrix and are therefore respectively 
selective to the migration of cations and anions. An ideal
- 13 -
ion exchange membrane is a membrane which, when subjected to
a potential gradient, permits the passage of cations to the(220exclusion of anions or the reverse* Thus cation exchange
membranes are permeable only to cations and anion exchange 
membranes are permeable only to anions* These membranes 
offer little electrical resistance*
The application of ion exchange membranes to electro­
dialysis allows the separation of cations and anions by the 
expenditure of electrical energy.
Many methods have been proposed for the application of
(17)ion exchange membranes to ionic transport processes# Parsi 
suggested the use of ion exchange membranes for the concen­
tration of electrolytes, salt splitting, preparation of acid
deficient solutions and the separation of ions of like charge#
(15)Mason and Parsi reported their application for the
electrolytic reduction of uranium VI to xiranium IV and an ionic
(14)fractionation still# Mason and Juda proposed the use of
ion exchange membranes for electrolyte dilution, separation of
electrolytes from non-electrolytes, and to metathesis reactions(8)
Cohan described the use of ion exchange membranes in the
conversion of saline water to potable water# Willard and(2 1)
Pinley characterized the behavior of iron, chromium, 
molybdenum, tungsten and uranium ions in a number of common 
solvents by selective electrodialysis utilizing ion exchange 
membranes. Reference should be made to the individTial articles 
for a description of the above applications#
The deacidification processes for the recovery of nitric 
acid and hydrofluoric acid from radioactive waste solutions
- 14 -
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described by Niason and Parsi are of primary importance
to the recovery and disposal of radioactive fission elements.
Solutions containing either nitric acid, aluminum 
nitrate, thorium nitrate, or uranium nitrate are treated using 
an electrodialysis cell of the type shown in Figure 1. The 
removal of nitric acid or aluminum nitrate from Purex or Redox 
type wastes is of interest in order to reduce the buJLk elec­
trolyte that must be handled in radioactive waste disposal 
processes.
The operation of a cell as shown in Figure 1 for the 
removal of nitrate ion from radioactive waste solutions is 
described below. The waste solution is placed in the cathode 
cell which is separated from the anode cell containing water 
by an anion exchange membrane which permits only the passage 
of anions. A direct current is passed through the cell such 
that the cathode cell electrode is negative with respect to 
the anode cell electrode. The passage of current through the 
cell carries the nitrate ion from the cathode cell to the 
anode cell. The electrode reactions maintain the electrical 
neutrallity of the solutions. This operation effectively 
separates the nitrate ion from the metallic cations of the 
waste solution and can be used to reduce the acidity of 
radioactive waste solutions from 2 normal acid to 0.05 normal 
acid.
Thus the removal of bulk electrolyte from the waste 
solution reduces the volume to be treated for waste disposal. 
If large amounts of aluminum nitrate are present in the waste 





Figure 1. Two Cell Electrodialysis Unit 
f^ or the Removal of Nitric Acid from 
Radioactive V/aste Solutions.
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cause the precipitation of aluminum hydroxide which will carry
the radioactivity. A process utilizing this precipitation
(9)was developed by Durham and Goulden in which the nitric 
acid was recovered and 80 - 90^ of the radioactivity was 
carried by the aluminum hydroxide.
The above described deacidification processes thus 
allows the recovery of the dissolving acid from radioactive 
v/aste solutions. These processes suggest the possible appli­
cation of electrodialysis employing ion exchange membranes to 
the separation of fission elements as a consequence of the
solution chemistry of the fission elements. Prelimineiry
(23)investigation of this application was performed by Vie.
It was found that in 2 normal hydrofluoric acid, that it is 
possible to psirtially separate Cs-137 and Zr-95 from Ce-144.
- 18 -
III. EXPERIMENTAL
Purpose of Investigation 
The purpose of this investigation was to provide 
sufficient evidence that, through the application of an 
electrodialysis process employing synthetic ion exchange 
membranes, it is possible to separate some of the more signi­
ficant fission elements.
Plan of Experimentation
The plan of experimentation consisted of six types of 
experiments. (1) The electrodialysis of Cs-Ba-137 in several 
nitric acid solutions to determine the effect of nitric acid 
concentration on the cationic migration of Cs-Ba-137 and the 
removal of nitrate ion from nitric acid solutions. (2) The 
separation of Cs-Ba-137 and Zr-Nb-95 from Ce-Pr-144 in hydro­
fluoric acid, oxalic acid and ammonium acid fluoride solutions 
using a three cell electrodialysis imit. (3) The electro­
dialysis of Cs-Ba-137, Ce-Pr-144 and Zr-Nb-95 in ammonium 
acid fluoride solution using a seven cell electrodialysis unit.
(4) The separation of Cs-Ba 137 and Zr-Nb-95 in ammoniiim acid 
fluoride solution using a seveii cell electrodialysis unit.
(5) The separation of Cs-Ba—137 and Zr-Nb-95 in nitric acid - 
ammonium acid fluoride solution using a seven cell electro­
dialysis unit. (6) The electrodialysis of Ce-Pr-144, Pm-147 
and S3>-Y-90 in nitric acid — ammonium acid fluoride solution 
using a seven cell electrodialysis \init.
19
Materials
The materials used in this investigation, their 
specifications, the manufactiorer or supplier, and their 
uses aire listed#
Ammonium Acid Fluoride. Technical grade. General 
Chemical Division, Allied Chemical Co#, New York, New York# 
Used to prepare aqueous fluoride solutions#
Hydrofluoric Acid# Analyzed reagent, meets ACS 
specifications, assay 49.3^ HF, J# T# Baker Chemical Go#, 
Phillipsburg, New Jersey# Used to prepare aqueous fluoride 
solutions#
Isotope (Cerium and Praseodyiiiiuti^l44)• Carrier free 
as nitrate, 16#3+ 10^ mc/ml., Oak Ridge National Laboratory, 
Oak Ridge, Tennessee# Used to prepare radioisotope solutions# 
Isotope (Cesium and Barium-137)# Carrier free as 
chloride, 6.94+10^ mc/ml#. Oak Ridge National Laboratory,
Oak Ridge, Tennessee# Used to prepare radioisotope solutions# 
Isotope (Promethiuii>">147)# Carrier free as chloride, 
1183.0+10^#, Oak Ridge National Laboratory, Oak Ridge, 
Tennessee# Used to prepare radioisotope solutions#
Isotope (Strontium and Yttrium-90)# Ceo:*rier tree as 
chloride, 10#84+10^ mc/ml.. Oak Ridge National Laboratory,
Oak Ridge, Tennessee# Used to prepare radioisotope solutions# 
Isotope (Zirconium and Niobium-95)# Carrier free as 
oxalate, 4.49+5^ mc/ml#. Oak Ridge National Laboratory, Oak 
Ridge, Tennessee# Used to prepare radioisotope solutions#
Membrane# Cation Exchange# No# 314-2, Pemnitit Co#,
New York, New York# Used as electrodialysis membrane#
Membrane# Anion Exchange# No# 3148» Pernnitit Co#,
New York, New York# Used as electrodialysis membrane#
Nitric Acid# CP, meets ACS specifications, assay 
70% HNO^, J« T# Baker Chemical Co#, Phillipsbnrg, New Jersey# 
Used to prepeire aqueous nitrate solutions#
Oxalic Aoid# Analytical reagent, meets ACS specifica­
tions, Mallinckrodt Chemical Works, St# Louis, Missouri. Used 
as primary standard and to prepare aqueous oxalate solutions# 
Phenolphthalein# Reagent, meets ACS specifications, 
Merck and Co#, Rabway, New Jersey# Used as indicator#
Sodium Hydroxide# Reagent grade, minimum assay 97.0% 
NaOH, General Chemical Division, Allied Chemical Co#, New 
York, New York# Used to prepare standard basic solutions# 




The apparatus used in this investigation, the specifi­
cations, the manufacturer or supplier and the use of the 
apparatus are given#
Altuninum Filters# No# 107, KA-2, Absorber Set,
Q0—868#5 mg/cm , NRD Instrument Co#, St# Louis, Missoxiri, MSM 
property no. 21883# Used to filter-out beta radiation during 
radioactive counting#
Ammeter# DC, 0-50 amps, Fisher Scientific Co#, St# 
LoTiis, Missouri# Used to measure DC current#
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Balance# Analytical, type LCB, No# 31447, MSM property 
no# 1319 1, 0-100 grams, Wm# Ainsworth and Sons, Xnc#, Denver, 
Colorado# Used to weigh compoimds for standard solutions#
Beta Scintillation Head# BS—3H, NRD Instiument Co.,
St# Louis, Missouri# Used for counting beta radiation#
Counter# Geiger-Muller tube. Model 10106, serial 
no# 591, Radiation Counter Laboratories, Inc#, Skokie, 
Illinois# Used for counting radioactivity#
Counter# Gamma Well Scintillation, MSM property 
no# 21643f Model CS-600, Tube No# 2-7-825f Nal (T1 enriched) 
crystal, NRD Instrument Co#, St# Louis, Missouri# Used for 
counting gamma radiation#
Counting Dishes# Stainless steel, one Inch diameter, 
5 /8 inch deep. Radiation Counter Laboratories, Ihc#, Skokie, 
Illinois# Used as containers for counting radioactive 
samples#
Dosimeter# No# 22154, pocket type, Victoreen Instru­
ment Co#, Cleveland, Ohio# Used to measure radiation received 
by investigator#
Electrodialyzer# Seven Cell# Constructed in Chemical 
Engineering Department Shop, Missouri School of Mines axid 
Metallurgy, Rolla, Missouri. Built from sheet and 8 inch 
diameter pipe of polyvinlychoride. Each cell can accomodate 
815 milliliters# The electrodes are 8 inch diameter graphite 
disks# The cells are held together with end blocks and tie 
rods# Used for electrodialyzing radioisotope solutions#
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Electrodialyzer# Three Cell# Constructed in ChemiceLL 
Engineering Department Shop, Missouri School of Mines and 
Metallurgy, Rolla, Missouri# Built from sheet and 17/8 inch 
diameter cylinder of "Plexiglas" acrylic plastic# The two
end cells can accomodate 100 milliliters and the center cell
2can accomodate 50 milliliters# The electrodes are 8 cm 
platinum sheet# The cells are held together with end blocks 
and tie rods# Used for electrodialyzing radioisotope 
solutions#
Glassware# An assortment of standard laboratory 
glassware was used# Obtained from Chemical Engineering Depart­
ment Stockrooms, Missouri School of Mines and Metallurgy, 
Rolla, Missouri#
Oven# "Thelco," Model 15, Serial No# N-1, temperature 
reinge to 150®C, Precision Scientific Co#, Chicago, Illinois# 
Used to dry radioisotope samples#
Power Source# DC, MSM property no# 13296, 3 volts, 
maximun amps unknown, constructed by Chemical Engineering 
Department, Missouri School of Mines and Metallurgy, Rolla, 
MissoTxri. Used to provide power for the three cell electro­
dialyzer#
Power Source# DC, Serial No# 18807, Type 16600-26,
27 volts, 40 amps. Strong Electric Co#, Toledo, Ohio# Used 
to provide power for the seven cell electrodialyzer#
Pump# MSM property no# 25025, Cole—Panner Instru­
ment and Equipment Co#, Chicago, Illinois# Used to circulate 
the feed solution throu^ the seven cell electrodialyzer#
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Pump# Proportional, No# 7224, Model R, Brosites 
Machine Co#, Inc#, New York, New York# Used to circulate 
the cation and anion wash solutions through the seven cell 
electrodialyzer•
Scaler# MSM property^ no# 21630, NRD Instruments Co#,
St# Loxiis, Missouri# Used to meas\ire and record radioactivity#
Shield# Lead well scintillation counter, MSM property 
no# 21643, NEO Instrument Co#, St# Louis, Missouri# Used to 
shield gamma scintillation counter#
Shield# Lead G—M counter and beta scintillation 
counter, MSM property no# 21642, NRD Instrument Co#, St# Louis, 
Missouri# Used to shield G—M counter and beta scintillation 
counter#
Standard# NBS# Radium D and E, No# 4408, 820 cps,
March 1, 1957. Used to calibrate G—M counter#
Thermometer# Range 0-200®C# Obtained from stockroom. 
Chemical Engineering Department, Missouri School of Mines 
and Metallurgy, Rolla, Missouri# Used to measure the tempera­
ture of solutions#
Timer# Preeision "Time-It", divisions of 1/10 second. 
Precision Scientific Co#, Chicago, Illinois# Used to deter­
mine flow rates through the seven cell electrodialyzer#
Voltmeter# DC, 0-150 volts, Fisher Scientific Co#,
St# Louis, Missouri# Used to measure DC voltage#
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Method of Procedure
The following procedure was used in performing the 
experimental work: (1) preparation of radioisotope feed 
solution, (2) analysis of radioisotope feed solution for 
acidity and radioisotope content, (3) assembling and filling 
the elec trodialy zers, (4) electrodialyzing the solution,
(5) sampling and analyzing the resulting solutions for 
acidity and radioisotope content and (6) calculations*
Preparation of Badioisotope Peed Solution* The radio­
isotope feed solution was prepared by diluting a quantity of 
the isotope stock solution with the appropriate acid solution 
so that the feed solution resulted with the desired acidity* 
Analysis of Radioisotope Pedd Solution# An aliquot 
of the radioisotope feed solution was titrated with standard 
sodium hydroxide using phenolphthalein indicator to deter­
mine the acidity* The radioisotope content was determined 
by radiocoTxnting techniques# A one milliliter aliquot of 
the feed solution was evaporated to dryness in a stainless 
steel counting dish and the sample counted using a calibrated, 
shielded G-M counter# The feed solution containing a mix­
ture of Cs-Ba-137, Zr-Nb-95 and Ce—Pr-144, was analyzed by 
means of a calibrated gamma scintillation well counter# A 
single channel gamma energy spectrometer was used to disting­
uish the Cs-Ba-137 and Zr-Nb-95 radioisotope contents# The 
radioisotope content of Ce-Pr-144 was obtained using a cali­
brated beta scintillation counter# A one milliliter aliquot 
of the mixed isotope feed solution was also counted using
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a calibrated, shielded G-M counter•
Assembling and Pilling the Electrodialyzers* Two 
electrodialysis units were constructed for this investigation, 
a three cell unit as shown in Pigure 2 and a seven cell unit 
as shown in Pigure 3# The feed or center cell of the three 
cell unit was filled with 50 milliliters of the radioisotope 
feed solution# The cathode and anode cells were filled with 
100 milliliters of an appropriate acid solution of known 
concentration* The center cell of the seven cell unit, cell 
4, was filled first with 1.0 normal nitric acid solution*
The radioisotope feed solution was pumped into cell 6 and 
then into cell 2 and back to the feed solution container*
The cation wash solution was pumped into cell 7 and then into 
cell 3 and then back to the cation wash solution container*
The anion wash solution was pumped into cell 5 and then into 
cell 1 and back to the anion wash solution container* These 
solutions were continuously recycled throu^ the seven cell 
unit*
Electrodialyzing* The electrodialysis was started 
after all the cells of the unit were filled* A constant d-c 
current was passed through the unit for the desired time 
period* The current density of the three cell unit was 
125 milliamperes per square centimeter and that of the seven 
cell unit was 50*5 milliamperes per square centimeter* This 
operation was continued until these current densities could 
no longer be maintained*
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/ L Cation Exchange Membrane
Anion Exchange Membrane






Figure 3* Seven Cell Electrodialysis Unit
A - Anion Wash Solution F - Feed Solution 
C - Cation Wash Solution
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Ana.lysis of Resultant Solutions* The resultant 
solutions were analyzed for acidity and radioisotope content 
as described above for the feed solution* In many cases 
samples were withdrawn at regular time intervals and analyzed.
Calculations * The values reported or determined for 
each experiment were the recovery of the radioisotope, the 
amount of radioactivity transferred and the per cent of the 
initial, radioactivity transferred* All radioactivity values 
are corrected for counting efficiency and background*
Data and Results
The data and results are presented in tabular and 
graphical form* The data used in preparing the graphical 
representations are given in tabular form on the pages pre- 
ceeding each graph*
Tables V — X are the results obtained by the electro­
dialysis of Cs-Ba-137 in approximately 0*5t 1.0, and 2*0 
normal nitric acid. Figures 4,7, and 10 show the transfer of 
Cs-Ba-137 as a function of acidity in the feed cell and the 
build-up of Cs-Ba-137 in the cathode cell as a function of 
acidity in the cathode cell. Pigure 13 shows the compari- 
tive transfer rates of Cs-Ba-137 as a function of electro­
dialysis time with feed cell acidity as parameter* Figures 
5, 8, and 11 show the transfer of Cs-Ba-137 as a function of 
electrodialysis time* Figures 6, 9, and 12 show the change 
in cell acidity as a function of electrodialysis time. These 
results were obtained using the three cell electrodialysis 
\mit*
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Tables XI, XII, and XIII are the results obtained by 
the electrodialysis separation of Gs-Ba-137, Zr-Fb-95 and 
Ce-Pr-144 in 1.0 normal hydrofluoric acid and oxalic acid and 
1.0 formal aimnoni-um acid fluoride respectively using the 
three cell electrodialyzer.
In Table XIV the results of the individual electro­
dialysis of Gs-Ea-137, Zr-Nb-95 and Ce-Pr-144 in ammonium 
acid fluoride solution using the seven cell electrodialyzer 
are given.
Table XV gives the results of two experiments for the 
separation of Cs-Ba-137 and Zr-Nb-95 in 0.5 formal ammonium 
acid fluoride solution using the seven cell electro­
dialyzer.
Table XVT gives the results of two experiments for the 
separation of Cs-Ba-137 and Zr-Nb-95 in a mixture of 0.5 
normal nitric acid and 0.5 formal ammonium acid fluoride 
using the seven cell electrodialyzer.
In Table XVII the results of two experiments are 
given for the individual electrodialysis of Ce-Pr-144,
Pm-147 and Sr-Y-90 in a mixture of 0.5 normal nitric acid 




Electrodialysis of Cs-Ba-137 in 0.5 Normal Nitric Acid
Experiment !•
Electrodialysis Anode Peed CathodeTime, Hours. Cell Cell Cell
0.0 Acidity, N. 0.516 0.516 0.516Activity, cps. 0.0 20,500 0.0
0.5 Acidity, N. 0.581 0.383 0.503Activity, cps. 0.0 15,320 5,390
1.0 Acidity, N. 0.674 0.157 0.487Activity, cps. 0.0 7,958 10,560
1.25 Acidity, N. 0.709 0.076 0.471Activity, cps. 0.0 3,080 14,852
Per Cent Transferred, % 72.4^
Recovery, % = 89.35^ ®
a Losses due to sorption on cation exchange membrane,
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0.5 Acidity, N. Activity, cps. 0.5920.0
0.342
14,976 0.4935,390




1.25 Acidity, N. Activity, cps. 0.7080.0 0.0201,937
0.46714,580
Per Cent Trsinsferred, % 71.295
Reooveyy, % = 81.8$6 ^
Losses due to sorption on cation exchange membrane.
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'igure 4. Transfer of vCs-Fa-157 as a Function 
of Acidity. Initial Peed Cell Acidity, 0.5 N,
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Electrodialysis Time, Hours
Pigure 5. Transfer of Cs-Ba-137 as a Function 




Pigure 6. Transfer of Nitric Acid During 
Electrodialysis•




Electrodialysis Time, Hours. AnodeCell PeedCell CathodeCell
0.0 Acidity, N. 1.018 1.018 1.018Activity, cps. 0.0 21,000 0.0
1.0 Acidity, N. 1.091 0.891 0.987Activity, cps. 0.0 16,800 5,280
2.0 Acidity, N. 1.241 0.544 0.954Activity, cps. 0.0 11,500 9,410
3.0 Acidity, N. 1.361 0.125 0.908Activity, cps. 0.0 2,640 15,990
Per Cent Transferred, % 76.0^
Recovery, % = 89.755 ®
Losses due to sorption on cation exchange membrane.








0.0 Acidity, N. 1.018 1.018 1.018Activity, cps. 0.0 21,000 0.0
1.0 Acidity, N. 1.131 0.778 0.999Activity, cps. 0.0 16,800 5,328
2.0 Acidity, N. 1.290 0.575 0.940Activity, cps. 0.0 12,100 10,380
3.0 Acidity, N. 1.388 0.119 0.846Activity, cps. 0.0 3,080 14,570
Per Cent Transferred, % 69.5^
Recovery, % = 85.3^ ^
Losses due to sorption on ion exchange membranes.
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Pigure 7* Transfer of Cs—3a-137 as a Function 
of Acidity. Initial Peed Cell Acidity, 1*0 N.
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Eleotrodialysi3 Time, Hours
Figure 8. Transfer of Cs-Ba—137 as a Function 




Figure 9. Transfer of Nitric Aoid During 
Electrodialysi8•
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Electrodialysis of Cs-Ba—137 in 2»0 Normal Nitric Acid 
Experiment 1.
TABIE IX
Electrodieiysis Time, Hours. AnodeCell PeedCell CathodeCell
0.0 Acidity, N. 1.860 1.860 1.860Activity, cps. 0.0 19,750 0.0
1.0 Acidity, N. 1.910 1.610 1.770Activity, cps. 0.0 16,320 3,930
2.0 Acidity, N. 2.120 1.421 1.740Activity, cps. 0.0 13,500 6,720
3.0 Acidity, N. 2.210 1.212 1.650Activity, cps. 0.0 9,950 8,650
4.0 Acidity, N. 2.321 0.882 1*550Activity, cps. 0.0 7,230 10,100
5.0 Acidity, N. 2.340 0.590 1,461Activity, cps. 0.0 5,320 12,600
6.0 Acidity, N. 2.552 0.201 1*383Activity, cps. 0.0 1,598 14,090
6.5 Acidity, N. 2.601 0.107 1*340Activity, cps. 0.0 360 14,090
Per Cent Transferred, % 71,895
Recovery, % = 73.756 ®
Losses due to sorption on ion exchange membranes.
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Electrodialysis of Cs—Ba—137 in 2.0 Normal Nitric Aoid 
Experiment 2.
TABIE X
Electrodialysis Time, Hours * AnodeCell PeedCell CathodeCell
0.0 Acidity, N. 1.860 1.860 1.860Activity, cps. 0.0 20,250 0.0
1.0 Acidity, N. 1.970 1.640 1.830Activity, cps. 0.0 17,020 2,940
2.0 Acidity, N. 2.110 1.420 1.780Activity, cps. 0.0 14,500 4,800
3.0 Acidity, N. 2.210 1.141 1.733Activity, cps. 0.0 11,220 6,580
4.0 Acidity, N. 2.331 0.871 1.670Activity, cps. 0.0 8,400 7,540
5.0 Acidity, N. 2.420 0.690 1.592Activity, cps. 0.0 6,880 9,000
6.0 Acidity, N. 2.570 0.392 1.511Activity, cps. 0.0 4,180 10,110
7.0 Acidity, N. 2.660 0.197 1.450Activity, cps. 0.0 1,511 10,130
Per Cent Transferred, % 50.156
Recovery, % = 57.9^ ^
Losses due to sorption on ion exchange membranes.
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Figure 10* Transfer of Cs—Ba—137 as a Function 
of Acidity. Initial Peed Cell Acidity, 2.0 K.
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Electrodialysis Time, Hours
Figure 11. Transfer of Cs-.3a-137 as a Function 













Pigure 13* Transfer of Cs—Bcfc-137 as a Punotlon 
of Electrodialysis Time With Peed Call Aoidlty 
as Peurcuneter.
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Separation of Cs—Ba-137. Zr-Nb-95. and Ce-Pr—144 in








Cs-Ba^^’^ 46,125 0.0 585 45,000
Zr-Nb^^ 21,550 19,920 465 0.0
Ce-Pr^^'*’ 37,500 0.0 19,100 0.0
Total, cps. 105,175 19,920 20,150 45,000
Recovery = 80.996®'
Pinal Acidity, Nonnal. 1.36 0.21 0.96
Exp. 2.
Cs-Ba^^^ 46,900 0.0 650 46,100
Zr-Nb^^ 21,900 17,200 475 0.0
Ce-Pr^^^ 35,300 0.0 21,800 0.0
Total, cps. 104,100 17,200 22,925 46,100
Recovery = 82,
Pinal Acidity, Normal 1.37 0.21 0.97
^ Losses due to sorption on ion exchange membranes.
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Sepaxation of Cs-Ba-137. Zr—Fb—95. and Ce-Pr-144 in




Activity in Peed Cell Solution cps. AnodeCell PeedCell CathodeCell
Exp. 1.
40,500 0.0 1,105 40,300
Zr-Nb^^ 17,650 .8,680 580 0.0
Ce-Pr^^^ 40,500 7,840 17,600 7,440
Total, cps. 98,650 16,520 19,285 47,740
Recovery = 84.796®
Pinal Acidity, Normal. 1.479 0.099 1.045
Exp. 2.
Ca-Ba^57 43,125 0.0 1,280 43,700
Zr-Nb^^ 17,270 12,220 545 0.0
Ce-Pr^^^ 40,050 7,680 14,325 11,780
Total, cps. 100,445 19,900 15,950 55,480
Recovery = 92.096®
Pinal Acidity, Normal. 1.350 0.059 1.050
Losses due to sorption on ion exchange membranes.
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TABIE XIII
Separation of Cs-Ba-137. Zr--Nb -95. and Ce-Pr-144 in
1.0 Formal Ammonium Acid Fluoride
Initial Isotope Activity in Peed 
Isotooe Oell^gglution
Isotope Activity After 2 Hours Electrodialysis, cps.
Anode Peed Cathode 
Cell Cell Cell
Exp. 1.
Cs-Ba^^"^ 38,050 0.0 905 36,550
Zr-Nb^^ 11,475 10,050 510 0.0
Ce-Pr^^^ 39,350 0.0 32,300 0.0
Total, Cps. 88,875 
Recovery = 90.4%^
10,050 33,715 36,550
Pinal Acidity, Normal. 1.93 0.33 0.72
Exp. -2.
Cs-Ba^^'^ 48,000 0.0 1,050 44,700
Zr-Nb^^ 14,600 11,420 985 0.0
Ce-Pr^^^ 39,400 0.0 31,700 0.0
Total, cps. 102,000 
Recovery = 88.1%^
11,420 33,735 44,700
Pinal Acidity, Nonnal. 1.92 0.30 0.79
Losses due to sorption on ion exchange membranes*
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TABIE XIV
Individual Electrodialysxs of Cs—Ba-137> Zr-Nb-95. and 
Ce-Pr-144 in Ammonium Acid Pluoride
Per Cent of Initial Isotope Activity in Solutions After 2 Hours Elec trodialy si St
Initial Isotope ^ Isotope Activity, ops x 10^ AnionWash Peed
Cation
Wash
Cs-Ba-137 17.38 0.0 26.0 73.7
Initial Acidity, Nonnal. 0.69 1.15 0.62
Pinal Acidity, Normal. 1.49 0.50 0.14
Zr-Nb-95 8.35 55.3 40.5 0.0
Initial Acidity, Nonnal. 0.53 1.03 0.54
Pinal Acidity, Nonnal. 1.62 0.40 0.08
Ce-Pr-144 3.31 0.0 99.5 0.0
Ce-Pr-144 3.24 0.0 98.1 0.0
Initial Acidity, Normal. 0.65 0.48 0.48
Pinal Acidity, Normal. 1.10 0.19 0.26
Plow Rates, ml/min. 150 109 200
Losses due to sorption on ion exchange membranes.
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TABIE XV
Separation of Cs—Bar»137 and ZivNb-95 in 0.5 Formal
Ammonium Acid Fluoride
Per Cent of Initial Isotope Activity in Solutions After  ^ x 1 1/2 Hours Electrodialysis. '




2.21 0.0 18.0 81.6
Zr-Nto^^ 1.68 63.5 34.0 0.0
Final Acidity, Normal. 1.29 0.24 0.49
Exp. 2.
Cs-Ba^^^ 2.07 0.0 9.9 89.6
Zr-Nb^^ 1.74 69.7 29.2 0.0
Final Acidity, Normal. 1.09 0.21 0.31
Plow Rates, ml/min. 150 109 200
Ca) ^ ' Losses due to sorption on ion exchange membranes.
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TABIE XVI
Separation of Cs-Ba-137 and Zr-Nb-95 in a Mix1;ure of 0.5 
Normal Nitric Acid and 0.5 Formal Ammonium Acid Fluoride
Per Cent of Initial Isotope Activity in Solutions After/ x
Isotope Initial Isotope g Activity, cps x 10° AnionWash Peed CationWash
Exp. 1.
Cs-Ba-'-^ ’^ 1.92 0.0 9.5 90.5
Zr-Nh^^ 1.61 34.9 62.1 0.0
Exp. 2.
Cs-Ba-*-^ '^ 2.37 0.0 8.2 91.8
Zr-Nb^^ 1.64 30.7 63,2 0.0
Plow Rates, ml/min. 150 109 200
(a) Losses due to sorpfcion on ion exchange membranes.
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TABIE XVTI
Individual Electrodialysis of Ce-Pr-144. Pm-147 and 
Si?-Y—90 in a Mixture of 0.5 Normal Nitric Acid and 
0.5 Pormal Ammonium Acid Pluoride
Per Cent of Initial Isotope Activity in Solution After / x 2 HoTirs Elec trodialy sis.  ^ ^
Isotope Initial Isotope g Activity.eps x 10° AnionWash
Peed CationWash
Exp. 1.
2.11 0.0 98.0 0.0
Pml^7 3.95 0.0 98.0 0.0
Sr-y^° 4.43 0.0 70.0 30.0
Exp. 2.
Ce-Pr^^^ 3.24 0.0 99.0 0.0
Pml47 4.02 0.0 99.0 0.0
Sr-Y^O 4.75 0.0 60.0 39.7
Plow Rates, ml/min. 150 109 200
(a) Losses due to sorption on ion exchange membranes©
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IV. DISCUSSION
The discussion is comprised of three parts:
(1) discussion of results, (2) limitations, and 
(3) recommendations.
Discussion of Results
The results of the investigation are discussed in the 
same order as the data were presented.
Eleotrodialysis of Cs-Ba-137 in Nitric Aoid Solutions. 
The effect of nitric acid concentration upon the transfer of 
Cs-Ba-137 is shown in Pigures 4, 7 and 10. These data show 
that the fastest transfer occurs at the lowest nitric acid 
concentration. This fact is also illustrated in Pigures 5,
8, and 11. Pigure 5 shows that 75% per cent of the initial 
radioactivity is transferred in 1 1/4 hours in 0.5 normal 
nitric acid solution, Pigure 8 shows that 5 hours are required 
to transfer 75% of the initial radioactivity in 1.0 normal 
nitric acid solution and Pigure 11 shows that more than 7 
hours are required to transfer 75% of the initial radioactiv­
ity in 2.0 normal nitric acid solution. Pigure 13 shows that 
the greatest rate of transfer of Cs-Ba-137 can be achieved 
in the lowest feed cell nitric acid concentration. The 
reduced transfer in the higher nitric acid concentration 
can be attributed to the competative transfer of the nitric 
acid.
Transfer of Nitric Acid During Electrodialysis.
Pigures 6, 9, and 12 show the transfer of nitric acid during 
the electrodialysis of Cs-Ba-137 in 0.5, 1*0 and 2.0 normal
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nitric acid solutions respectively. The nitric acid is re­
moved from the feed cell solution at the fastest rate at the 
lowest nitric acid concentration.
Separation of Cs-3a-137. Zr-Nb-95 and Ce-Pr-144. Separa­
tions were performed in three acid media, (1) hydrofluoric 
acid, (2) oxalic acid, and (3) ammonium acid fluoride using 
the three cell electrodialyzer. Table XI gives the results 
of the separation of Cs-Ba-137, Zr-Pr-95, and Ce-Pr-144 in
1.0 normal hydrofluoric acid. Separation was nearly 100% 
complete. In experiment 1, 92.5 % of the initial Zr—Nb—95 
radioactivity transferred to the anode cell, 99.5% of the 
initial Cs-Ba—137 radioactivity transferred to the cathode cell 
and none of the Ce—Pr-144 transferred to either cell. Only 
51% of the initial Ce—Pr 144 radioactivity was counted in the 
feed cell solution. This was due to the radiocolloidal 
nature of CeP^ which adhered to the ion exchange membranes 
and the feed cell walls. Experiment 2 gave similar results.
Table XII gives the results of the separation of Cs- 
Ba-137, Zr-Nb-95, and Ce-Pr-144 in 1.0 nonnal oxalic acid 
solution. The Cs-Ba-137 radioactivity transferred to the 
cathode cell, the Zr-Nb-95 radioactivity transferred to the 
anode cell, and the Ce-Pr-144 radioactivity was distributed 
in all three cells. It was expected that Ce—Pr-144 would 
remain in the feed cell since cerium III oxalate is not too 
soluble and would undergo radiocolloidal formation. The 
anionic transfer could be due to an oxalate complex of Ce- 
Pr-144 and the cationic transfer due to the migration of 
free Ce-Pr-144 cations.
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Table XIII gives the results of the separation of 
Cs-Ba-137, Zr-Nh-95, and Ce-Pr-144 in 1.0 formal ammonium 
acid fluoride solution. In experiment 1, 96% of the initial 
Cs-Ba—137 radioactivity transferred to the cathode cell,
91.5% of the initial Zr-Nh-95 radioactivity transferred to 
the anode cell and none of the Ce-Pr-144 radioactivity trans­
ferred to either cell and 82% of the initial Ce—Pr—144 was 
counted in the feed cell solution. Experiment 2 gave 
similar results.
These results indicate that it is possible to separate 
Cs-Ba-137, Zr-Nb-95, and Ce-Pr-144 in hydrofluoric acid and 
ammonium acid fluoride solutions. The best separation occured 
in hydrofluoric acid solution but too little of the Ce-Pr-144 
radioactivity was recovered. The low recovery can be attrib­
uted to the sorption of the Ce-Pr-144 radioactivity onto 
the ion exchange membranes and the feed cell walls. Oxalic 
acid solution is not suitable due to the distribution of the 
Ce-Pr-144 radioactivity in all the cells. The separation in 
ammonium acid fluoride solution was nearly as complete as that 
in hydrofluoric acid solution and the recovery of the Ce- 
Pr-144 radioactivity in the feed cell solution was more satis­
factory. Thus the best separation media is ammonium acid 
fluoride solution.
Electrodialysis of Cs-Ba-137> Zr-Nb-95. and Ce-Pr-144. 
The results of the separation of Cs-Ba-137, Zr-Nb-95t and 
Ce-Pr-144 using the three cell electrodialysis unit indicate 
that ammonium acid fluoride solution is the best separation 
media. Preliminary experiments were performed using the
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seven cell electrodialyzer. Table XIV gives the results of 
individual electrodialysis experiments using Cs-Ba-137, 
Zr-Nb-95, and Ce-Pr-144 in different ammonium acid fluoride 
solutions. These results show that 73*7% of the initial 
Cs-Ba-137 radioactivity transferred to the cathode cell wash 
solution from an approximately 1.0 formal anunonium acid fluo- 
fide feed solution, 55*3% of the initial Zr-Nb-95 radioactivity 
transferred to the anode wash solution from an approximately
1.0 formal ammonium acid fluoride feed solution, and that 
99*5 and 98.1% of the initial Ce-Pr-144 radioactivity of two 
experiments remained in the feed solution after two hours 
electrodialysis time.
Separation of Ca-Ba-137 and Zr-Nb-95 in 0.5 Pormal
Ammonium Acid Pluoride Solution. Table XV gives the 
results of two experiments of the separation of Cs-Ba-137 and 
Zr-Nb-95 in 0.5 formal ammonium acid fluoride solution using 
the seven cell electrodialyzer. Experiment 1 shows that 
81.6% of the initial Cs-Ba-137 radioactivity transferred to 
the cathode wash solution and 63*5% of the initial Zr-Nb-95 
radioactivity transferred to the anode wash solution in an 
electrodialysis time of 1 1/2 hours. Comparison of the 
results in Table XV to those in Table XIV indicate that the 
transfer of both Cs-Bs-137 and Zr-]^ rb-95 is greater in 0*5 
formal ammonium acid fluoride solution than it is in 1.0 
formal ammonium acid fluoride solution.
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Separation of Cs-Ba-137 and Zr-Nb-95 in a I;ilixture of 
0.5 Normal Nitric Acid and 0.5 Formal Ammoniuiii Acid 
Pluoride Solution. Since most of the radioactive 
waste solutions contain nitric acid, two experiments were 
performed for the effect of nitric acid on the separation of 
Cs-Ba-137 and Zr-Nb-95 in ammonium acid fluoride solution 
using the seven cell electrodialysis unit. Table XVI shows 
that the presence of nitric acid has little effect upon the 
the transfer of the Cs-Ba-137 radioactivity but reduces the 
transfer of the Zr-Nb-95 radioactivity to the anode wash 
solution. This reduced transfer, as compared vrlth the results 
in Table XV, could be due to radiocolloidal formation as 
explained by reactions (4) - (9) On page 11*
Electro dialysis of Ce-Pr-144. Pmr-147. and Sr-Y—90 in 
a Mixture of 0.5 Normal Nitric Acid and 0.5 Pormal 
Ammonium Acid Pluoride Solution. Table XVII gives the 
results of individual experiments using the seven cell electro­
dialyzer. These results show that Sr-Y-90 transferred to the 
cathode wash solution and that Pm-147 and Ce-Pr-144 remained 
in the feed solution.
The above results indicate that the more significant 
fission elements can be fractionated into three fractions,
(1) cationic, Cs-Ba-137 and Sr-Y-90, (2) anionic, Zr-Nb-95, 
and (3) radiocolloidal, Pm-147 and Ce-Pr-144.
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Idmitationa
There were three limitations which could have 
greatly affected the results.
Radiocounting. A limitation which could not he con­
trolled was the randomness of radioactive disintegrations 
and the errors in counting radioactive samples#
The errors characteristic of radioactive measurement 
common to the writers* investigation are:
(1) Random disintigration process and, therefore, 
random emission of radiation.
(2) Pailure of the detector to resolve events at 
high counting rates.
(3) Variation in performance of scaler due to changes 
in temperature, applied voltage and efficiency.
(4) Variation in natural backgro\md activity during 
the course of the counting.
(5) Changes in the detectors due to aging.
(6) Erratic performance of electronic equipment and 
the mechanical register.
Hie greatest counting error occured during mixed 
isotope analysis using a gamma spectrometer. The per cent 
error of measurement of the Cs-Ba-137 and Zr-Nb—95 radio­
activities was approximately 5 per cent and that for the 
Ce-Pr-144 radioactivity was approximately 2 per cent using 
a beta scintillation coomter.
CuiTrent Density. The power sources in the laboratory 
were not constant current devices and as the resistance of
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the solutions changed the current changed. The current was 
maintained as constant as possible by variation of the 
potential applied accross the electrodes.
Plow Rates. The pumps used to circulate the solution 
through the seven cell electrodialyzer caused pulsing within 
the cells and the flow rates could not be maintained abso­
lutely constant.
Recommendations
The results of this investigation indicate that radio­
active fission product waste solutions can be fractionated 
into three fractions in fluoride solution, (1) cationic,
(2) anionic, and (3) radiocolloidal. Puther investigation 
should be undertaken to separate the three fractions pro­
duced into individual fission elements.
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V. CONCLUSION
It can be concluded from this investigation that, 
throu^ the application of an electrodialysis process 
employing synthetic ion exchange membranes, it is possible 
to separate some of the more significant fission elements 
into three fractions, (1) cationic, Cs-Ba—137, and Sr-Y-90, 
(2) anionic, Zr-Nb-95, and (3) radiocolloidal, Pm-147, and 
Ce-Pr-144. The basis of this separation is the solution 
chemistry of the fission elements in fluoride solution.
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VI. smmiARY
The purpose of this investigation was to provide 
sufficient evidence that, through the application of an 
electrodialysis process employing synthetic ion exchange 
membranes, it is possible to separate some of the more 
significant fission elements#
The results of the investigation lead to the con­
clusion that in fluoride solution the more significant 
fission elements can be separated into three fractions, 
(1) cationic, (2) anionic, and (3) radiocolloidal, by an 
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VIII. APPENDIX
The fractionation of fission elements hy electro­
dialysis results in three solutions; (1) anionic,
(2) cationic, and (3) radioeolloidal. It is desirable 
to separate the fractions produced into their individual 
components. A possible method for the separation of the 
radiocolloidal fraction consists of the dissolution of 
the radiocolloidal fluorides and complexing the fission 
element metal ions. The complexed ions could then be 
separated by electrodialysis. Bril, Bril, and Krumholtz 
described a similar method for the separation of some of 
the rare earth elements using EDTA (Ethylenediaminetetra- 
acetic acid) as oomplexing agent.
EDTA, obtained as the disodium salt Na2(EDTA)H2 , 
ionizes in solution to form H2(EDTA) which complexes 
metal ions as shovm in reaction 1.
+ HgCEDTA)"^ = M(EDTA)'*'“^  * Zii* (1)
The radiocolloidal fraction contains Pm-147 and 
Ce—Pr—144. Ce—Pr—144 exhibits both III d IV oxidation 
states, whereas Pm-147 exhibits only a III oxidation 
state.
(1)
(1) Bril, K., S. Bril and P. Krumholz: Separation ofMetal Ions by Means of Ion Exchange Membranes, J. of Phys. Chem., Vol. 63, No. 1, 256, (Pebruary, 1959).
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EDTA complexes Ce-Pr-•144 III and IV as shown in
reactions 2 to 5,
+ HgCEDTA)"^ = Ge(EDTA)”^ + 2B* (2)
P r + 5 + HgCEDTA)"^ =: Pr(EDTA)“^ + 2H^ (3)
+ H2(EDTA)“^ = Ce(EDTA) + 2H'*' (4)
+ HpCEDTA)-^ = Pr(EDTA) + 2H'*' (5)
and Pmr-147 as shown in reaction 6.
+ HgCEDTA)"^ s Bn(EI>TA)“^ + 2H^ (6)
The complex PmCEDTA)”^ could be separated from the 
complexes Ce(EDTA) and Pr(EDTA) by an electrodialysis 
process employing ion exchange membranes because the 
two fission element complexes have different charges*
It was first thought that EDTA would remove the 
fission elements from the radiocolloidal fluorides since 
the stability constants of the complexes are so large
(10 )• This did not occur since the solubility products
18of the radiocolloidal fluorides are greater (10 ) than
the stability constants. This required that 1iie fluoride 
ion be removed with boric acid prior to oomplexing the 
fission elements.
Experiments with Ce—Pr—14-4 were performed using the 
following procedure.
1. Twenty milliliters of Ce-Pr—144 stock solution 
was mixed with 100 milliliters of 0.5 normal 
nitric acid and 0.5 normal ammonium acid fluoride 
solution.
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2. This solution was electrodialyzed for 2 hours 
at 125 milliamps per square centimeters current 
density using the three cell electrodialysis 
unit.
3* Ten milliliters of the resulting solution was 
treated with 5 milliliters of saturated boric 
acid and 1 milliliter of concentrated nitric 
acid and heated to boiling to remove the 
fluoride ion.
4. a. For Ce—Pr—144 III. Two milliliters of 30% 
hydrogen peroxide was added to reduce any Ge- 
P3>-144 rv present.
b. For Ce-Pr-144 IV. Two milliliters of saturat­
ed sodium bromate was added to oxidize Ce-Pr-144 
III to Ce-Pr-144 IV.
5* Five milliliters of O.i M EDTA was added.
6. Fifty milliliters of 0.5 M acetic acid was added 
and the solution titrated to a pH of 4.5 with
1.0 M sodium acetate. This buffered the solution 
to a pH of 4.5.
7. The solution was then electrodialyzed for 1 hour 
at 125 milliamps per square centimeter current 
density. The anode and cathode cells were filled 
with 50 milliliters of about 0.5 normal nitric 
acid solution (pH=l). A 24 hour equilibrium 
period was allowed.
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The results of the electrodialysis experiments with 
Ce-Pr-144 are given in Tables 1 and II.
The procedure used for the electrodialysis of Pm-147 
was the same as that described above except that none of 
the experiments were performed using a reducing agent. 
Table III gives the results of the electrodialysis of 
Pm-147.
The results in Tables II and III indicate that it 
is possible to separate Pm-147 from Ce-Pr—144 by an 
electrodialysis process using EDTA as oomplexing agent.
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TABLE I





Experiment 1. Ionics Inc. Membranes.
Initial
pH 1.0 4.5 1.0
Radioactivity, cps. 0 104,200 0
1 Hour
pH 1.1 4.2 11.7
Radioactivity, cps. 14,700 83,300 0
Per Cent, % ^ 14.1 79.7 0
Experiment 2. Permutit Co. Membranes.
Initial
pH 1.0 4.5 1.0
Radioactivity, cps . 0 110,800 0
1 Hour
pH 1.0 4.3 11.6
Radioactivity, cps . 56,000 55,000 0
Per Cent, 50.5 49.7 0
^ Losses due to sorption on ion exchange membranes.
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TABLE II







pH 1.0 4.5 1.0
Radioactivity,cps. 0 24,600 0
1 Hour
pH 1.2 4.2 11.6
Radioactivity,cps. 0 17,800 0
Per Cent, $6® 0 78.8 0
Losses due to sorption on ion exchange membranes.
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TABLE III
Electro dialysis of the EDTA Complex of Pm-147
ANODECELL FEEDCELL CATHODECELL
Experiment 1* No equilibrium period, Permutit Co. Membranes
Initial
pH 1.0 4.5 1.0
Radioactivity,cps. 0 271,000 0
1 Hour
pH 0.9 4.2 11.6
Radioactivity,cps. 57,800 160,800 51,000
Per Cent, 21.4 59.3 18.8
Experiment 2. 24 Hr. equilibrium period. Perlmitit Co • Memb:
Initial
pH 1.0 4.5 1.0
Radioactivity, ops. 0 397,000 0
1 Hour
pH 1.0 4.3 11.7
Radioactivity, ops. 204,000 163,000 22,700
Per Cent, 51.4 41.0 5.7
a Losses due to sorption on ion exchange membranes.
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